Abstract-This letter addressed the development of splitwindow algorithm to estimate land surface temperature (LST) from the measurements acquired by the Visible and Infrared Radiometer on FengYun 3A using radiative transfer modeling experiment with the moderate spectral resolution atmospheric transmittance algorithm and computer model and the SeeBor V5.0 database. To improve the accuracy, the total precipitable water and the mean of land surface emissivities (LSEs) and LST were divided into several subranges. The splitwindow algorithm was applied to the Northeastern China area Index Terms-Algorithms, brightness temperature, estimation, infrared sensors, land surface temperature, low earth orbit satellites.
I. INTRODUCTION
L AND surface temperature (LST) is a key parameter in the physics of land surface processes on regional as well as a global scale, combining the results of all surface-atmosphere interactions and energy fluxes between the atmosphere and the ground [1] . The major challenges in LST estimation from satellite thermal infrared data are the removals of the effects caused by atmospheric attenuation, land surface emissivity (LSE), and topography [2] . The LST estimation methods include the single-channel method [3] , [4] , the split-window method [5] , [6] , and the multichannel method, e.g., the day/night method [7] and the temperature/emissivity separation method [8] of its simplicity and autonomous correction of atmospheric effects, the split-window method is widely used. So far, the split-window method has been successfully applied to the LST retrievals from the data acquired by the Advanced Very High Resolution Radiometer [2] , [9] , the Moderate Resolution Imaging Spectroradiometer (MODIS) [5] , the Spinning Enhanced Visible and Infrared Imager [6] , the Stretched Visible and Infrared Spin Scan Radiometer on FengYun 2C satellite [10] , and etc. Two of its second generation polar-orbiting meteorological satellites under the FengYun 3 (FY-3) series were sequentially launched on May 27, 2008, and Nov. 5, 2010, by the China Meteorological Administration, which are referred to as FengYun 3A (FY-3A) and FengYun 3B, respectively. The FY-3A spacecraft carries 11 instruments providing measurements from ultraviolet, visible, infrared to microwave, one of which is the Visible and Infrared Radiometer (VIRR). The VIRR/FY-3 instrument has 10 channels covering from visible to infrared spectrum with nominal spatial resolution of 1.1 km at nadir [11] , [12] . VIRR/FY-3A channels 4 (10.8 μm) and 5 (12.0 μm) are two split-window channels as shown in Fig. 1 , and the measurements are suitable for LST retrieval. A splitwindow method to estimate LST from VIRR/FY-3A measurements had been developed [13] . However, the method is partly problematic, such as the use of 80% of relative humidity as clear-sky criterion and no overlap between two neighboring groups of water vapor contents. Moreover, the results were cross-validated with the 1-km MODIS/Terra LST and Emissivity (LST/E) product MOD11_L2 only at five locations (including two water bodies) and in four days.
1545-598X/$31.00 © 2013 IEEE This letter also focused on the development of a split-window algorithm to estimate LST from VIRR/FY-3A measurements, and improvements were made not only in the algorithm development but also in LST retrieval and validation. Including this part, this letter is organized into four sections. Section II describes the development of the split-window algorithm, Section III presents the application of the split-window algorithm to a Northeastern China area, and Section IV is the summary and conclusion.
II. DEVELOPMENT OF THE SPLIT-WINDOW ALGORITHM
The split-window algorithm presented in [5] was adopted in this work, and it is
with ε = (ε i + ε j )/2 and Δε = ε i − ε j , where T s is the LST and T i and T j are the brightness temperatures at top-of-atmosphere (TOA) in the channels i(∼11.0 μm) and j(∼12.0 μm), respectively. ε is the mean of the LSEs in the channels i(ε i ) and j(ε j ), Δε is the LSE difference, and C, A 1 ,
, and B 3 are unknown coefficients. In this letter, the channels i and j in (1) correspond to VIRR/ FY-3A channels 4 and 5, respectively. The seven unknown coefficients can be obtained through regression with coincident measurements of T 4 , T 5 , T s , and LSEs in VIRR/FY-3A channels 4 and 5. However, there are no such field measurements available so far. A good solution is to use the radiative transfer modeling experiment, which is conducted by the moderate spectral resolution atmospheric transmittance algorithm and computer model (MODTRAN) [14] fed with currently available atmospheric database, the possible values of land surface variables, and view zenith angles (VZAs).
The SeeBor V5.0 training database of global profiles (http:// cimss.ssec.wisc.edu/), called the SeeBor V5.0 database for short as follows) was selected in this work. The SeeBor V5.0 database consists of 15 704 global profiles with temperature, moisture, and ozone at 101 pressure levels for clear-sky conditions [15] . Over land, there are a total of 8429 profiles, and the atmospheric temperature at the boundary level (T 0 ) changes from 200.2 K to 318.5 K, while the total precipitable water (TPW) varies from 0.0 to 7.8 cm (only 17 profiles with TPW greater than 6.5 cm). According to the aforementioned description, the SeeBor V5.0 database is very suitable for the numerical experiment.
In the radiative transfer modeling experiment, seven atsurface VZAs were considered: 0.0
• , 27.5
• , 60.0 • , and 65.0 • . They were selected as a compromise between the Gaussian angles, which characterize the angular variation of the atmospheric quantities [16] . The LST goes from T 0 − 5 to T 0 + 20 K with a step of 5 K. The mean of LSE (ε) changes from 0.90 to 1.0 with a step of 0.02, and the LSE difference (Δε) varies from −0.025 to 0.015 with a step of 0.005. The development of the split-window algorithm was accomplished in three steps. First, the total atmospheric transmittance, the total atmospheric upwelling radiance, and the total atmospheric downwelling radiance at the seven VZAs were calculated using MODTRAN for the land profiles extracted from the SeeBor V5.0 database. Then, the brightness temperatures at TOA in VIRR/FY-3A channels 4 and 5 were computed using the radiative transfer equation fed with possible combinations of the atmospheric parameters, LSTs and LSEs. Finally, the seven unknown coefficients in (1) were obtained using the multiple linear regressions [17] .
To improve the regression accuracy, the TPW and mean of the LSEs were divided into several tractable subranges. The TPWs were grouped into six subranges with an overlap of 0. Fig. 2 , the rmses in Fig. 3 are relatively lower. When the TPW is less than 2.5 cm, the rmses are less than 1.0 K, while, when the TPW is less than 3.5 cm or the VZA is less than 27.5
• , the rmses are less than 1.5 K. For example, Fig. 4 shows the coefficients of the developed split-window algorithm for LST from 292.5 K to 312.5 K and TPW from 2.0 to 3.5 cm.
After the development of the split-window algorithm, the LST is estimated in two steps. First, the approximate LST is estimated using the coefficients of the subrange of TPW and the mean of LSEs, taking LST as a whole. Then, accurate LST is derived with the coefficients of the subrange of LST, TPW, and the mean of LSEs. For an arbitrary angle not equal to the seven VZAs, the coefficients were calculated from the coefficients of two neighboring VZAs using the bilinear interpolation method. 
III. APPLICATION TO THE NORTHEASTERN CHINA AREA
The developed split-window algorithm was applied to LST retrieval from VIRR/FY-3A measurements acquired in September 2010 over a Northeastern China area (115
• N) as shown in Fig. 5 . According to the Global Land Cover 2000 (http://bioval.jrc.ec.europa.eu/ products/glc2000/products.php), this study area mainly consists of cultivated and managed areas, broadleaved and deciduous tree cover, needle-leaved deciduous tree cover, herbaceous cover, and water bodies. Because of more probability of clear sky, the study time span from September 1 to September 30 of 2010 was selected.
As presented in Section II, the split-window algorithm needs brightness temperatures at TOA, LSEs, VZA, and TPW as input. The brightness temperatures in VIRR/FY-3A channels 4 and 5 and the corresponding VZAs were extracted from the VIRR/FY-3A 1B data product downloaded from the FengYun Satellite Data Center (http://fy3.satellite.cma.gov.cn) and then were geometrically transferred into the study area with longitude and latitude resolutions of 0.05
• × 0.05
• . Recalibration of the brightness temperatures in VIRR/FY-3A channels 4 and 5 was done according to the results in [18] . The LSEs in VIRR/FY-3A channels 4 and 5 were calculated using the baseline fit method [19] with the LSEs extracted from the MODIS/Terra LST/E V5 product (MOD11C1 V5). The TPWs were extracted from the operational archive European Center for Medium-Range Weather Forecasts (ECMWF) reanalysis data with longitude and latitude resolutions of 0.125
• × 0.125
• and then were transferred into the study area using the bilinear interpolation method. As we know, the ECMWF reanalysis data are only available at four Coordinated Universal Time (UTC) times, 0:00, 6:00, 12:00, and 18:00, which are not coincident with VIRR/FY-3A measurements. In this letter, the TPWs temporally closest to VIRR/FY-3A measurements were used in the LST estimation. The LSTs over the study area in September of 2010 were derived from VIRR/FY-3A measurements using the split-window method developed in this work. As examples, Figs. 6(a) and 7(a) show the maps of LSTs estimated from nighttime and daytime VIRR/FY-3A measurements, respectively. The LSTs vary from 275.0 K to 318.0 K, and daytime LSTs are usually higher than that at night. In the day, the LSTs over the sparsely vegetated areas are generally higher than that over the densely vegetated areas due to the relatively low thermal inertia of soils. However, similar phenomenon is also observed for the nighttime LSTs as shown in Fig. 6(a) , because the measurements were acquired shortly after sunset.
The results in this work were cross-validated with the MODIS/Terra LST/E V5 products, i.e., MOD11C1 V5 and MOD11_L2 V5, which have been well validated [20] . The MOD11C1 V5 product at 0.05
• latitude/longitude climate model grids were generated by reprojection and average of the values in the daily MODIS/Terra LST/E product (MOD11B1) produced by the day/night method [7] . The MOD11_L2 V5 product is a 5-min level-2 swath 1-km data set and covers both daytime and nighttime acquisitions. In MOD11_L2 V5 product, the LSEs were estimated by the classification-based emissivity method [21] , while the LSTs were derived using the generalized split-window algorithm [5] . The data extracted from the MODIS/Terra LST/E V5 products are LSTs, VZAs, and time of LST observations. The data extracted from the MOD11_L2 V5 product were geometrically transferred into the study area using the inverse distance weighting interpolation method.
It should be noted that the MOD11C1 V5 product is gridbased global product. Over the overlapping areas of two neighboring orbits of MODIS/Terra, the LSTs are composite. Moreover, the time of LST observations was divided into 12-min stripes. The use of composited LSTs and inaccurate time of LST observations will introduce errors in the cross-validation. In this letter, the cross-validation was carried out only over the areas without overlap, and the accurate time of LST observations was restored from the swath-based MOD11_L2 V5 product. As examples, the LSTs extracted from the MODIS/Terra LST/E products are also shown in Figs. 6 and 7, and the gray-masked regions are the overlapping areas.
In this letter, the following criteria were used to find out the colocated LST pairs for cross-validation: the absolute time differences of less than 10 min (|ΔT | < 10 ) and the absolute VZA differences of less than 5
To mitigate the influence of inhomogeneity of land surface properties, the maximum LST difference in a 3 × 3 window centered at the matching pixel within an image is required to be less than 2.0 K, i.e., the cross-validation was carried out in relatively homogeneous regions of LSTs. A total of 8087 and 5508 LST matching pairs were picked out for daytime and nighttime, respectively. Fig. 8 displays the histograms of the LST differences between the LSTs in this work and that extracted from the MODIS/Terra LST/E V5 products. The LST differences are basically normally distributed in the range from −4.0 K to 4.0 K. The errors are 0.5 ± 0.9 K and 0.0 ± 0.9 K for daytime and nighttime, respectively, when the retrieved LSTs were compared to the MOD11C1 V5 product, while the errors are 0.6 ± 0.9 K and 0.0 ± 0.9 K for daytime and nighttime, respectively, when the results were compared to the MOD11_L2 V5 product. The results also reveal that the LSTs extracted from the MOD11C1 V5 and MOD11_L2 V5 products are consistent. Generally, the retrieved LSTs in this work are averagely consistent with the MODIS/Terra LST/E V5 products with accuracy better than 1.0 K.
IV. SUMMARY AND CONCLUSION
In this letter, the generalized split-window algorithm to estimate LSTs from VIRR/FY-3A measurements has been developed using radiative transfer modeling experiment with MODTRAN and the SeeBor V5.0 database. To improve the accuracy of the split-window algorithm, VZA, TPW, mean of LSEs, and LST were divided into several subranges.
The developed split-window algorithm was applied to the LST retrieval from VIRR/FY-3A measurements in September of 2010 over the Northeastern China area, and then, the results were cross-validated with the MODIS/Terra LST/E V5 products. The results show that the LSTs in this work are averagely consistent with the MODIS/Terra LST/E V5 products with accuracy better than 1.0 K: The errors are 0.5 ± 0.9 K and 0.0 ± 0.9 K for daytime and nighttime, respectively, when the retrieved LSTs were compared to the MOD11C1 V5 product, while the errors are 0.6 ± 0.9 K and 0.0 ± 0.9 K for daytime and nighttime, respectively, when the results were compared to the MOD11_L2 V5 product.
The split-window algorithm developed in this letter will be further examined and validated over more areas in the world and in more seasons.
Digital values of the linear regression coefficients in (1) to estimate LSTs from VIRR/FY-3A measurements can be requested via e-mail from jianggengming@hotmail.com.
